With the increase of renewable energy in power system, the usage of a large number of converters brings safety and stability issues to power system, including lack of reliable inertia response, insufficient abilities for supporting current, voltage and frequency and lack of reliable damping to restrain oscillation. To solve these instability issues, the synchronous motor-generator pair (MGP) is proposed as a new method of grid-connection. Firstly, the main structure and application scene of MGP are analyzed. Secondly, the classical model for the MGP small signal stability is derived. Theoretical deduction proves that the MGP can provide more damping than a single generator with the same mass block. Then, 5kW MGP experimental system is built. The calculation parameters of the small signal model for the experimental system are determined by fitting experimental data repeatedly. On the basis, the calculated and measured frequency responses are compared under the same disturbance. The agreements between calculations and measurements show that the MGP small signal model can reflect damping and inertia level of MGP system. Finally, same disturbance experiment is carried out on a single-generator experimental system with the same mass block. The frequency response curves of the two modes under the same disturbance show that the MGP is more conducive to system stability.
I. INTRODUCTION
In recent years, renewable energy has developed rapidly. As the end of 2018, the total installed capacity of global wind power and photovoltaic has reached 1044GW [1] . And the proportion of renewable energy in some areas has reached 80% or even 100% [2] , [3] . More and more countries and organizations have also advocated and promised to achieve a high proportion of renewable energy power applications.
However, the stochastic volatility of renewable energy brings instability to the power grid. The highly electronic
The associate editor coordinating the review of this manuscript and approving it for publication was Guangdeng Zong . characteristic brings new challenges to the safety and stability of power system operation. Firstly, the lack of reliable inertia response weakens the dynamic regulation ability of power system. And power electronics converters have poor tolerance to the fluctuations of active power and frequency, which can easily lead to serious faults in power grids. Secondly, for the voltage sags and transient overvoltage of AC/DC hybrid power grids, the new energy grid-connected converters have insufficient voltage traversing ability and voltage withstanding level, which easily leads to large scale offgrid of new energy. In addition, the fast response characteristics of power electronic converters broaden the grids' frequency band, and the interaction between harmonics of new energy side and of power grid side becomes more and more complex. Under specific operating conditions, the negative damping characteristics of new energy grid-connected converters in a wide frequency band aggravate the system oscillation.
In view of the above problems, a large amount of research work has been carried out. In order to improve the inertia response, the Virtual Synchronous Generator (VSG) technology is proposed [4] , [5] . The technology introduces the motion equations of synchronous generator to the control link of the renewable converter, so as to simulate the inertia and damping characteristics of the synchronizer [6] . Based on frequency differential inertia control and droop control, the rotor kinetic energy of doubly-fed induction generator (DFIG) can provide inertia response [7] - [9] . However, the virtual inertial control method reduces the speed of DFIG rotor to provide temporary inertial support, which may lead to secondary disturbance of the grid frequency when DFIG rotor speed returns to its optimal value [10] . The load reduction scheme of wind turbines is proposed to provide the inertia support and frequency regulation, but this method does not work when the output of wind farm is low [11] , [12] . In addition, a scheme of multi-terminal flexible DC transmission system is put forward to participate in frequency regulation [13] . VSG technology has also been applied to the receiving end converters of flexible DC transmission [14] . The frequency adjustment capability of the schemes is essentially limited by the power electronic converters.
In terms of improving voltage stability of high proportion renewable energy system, the low-voltage traversing methods for wind turbine mainly include improving hardware circuit [15] , improving control strategy [16] , and additional energy storage device [17] . However, it is difficult to deal with multiple voltage sags. The high-voltage traversing methods of renewable energy include adding additional auxiliary equipment such as static synchronous compensator, dynamic voltage restorer and supercapacitor [18] and improving control strategy [19] , [20] . But the inherent voltage withstanding capacity of power electronic converters makes it difficult for new energy to achieve high-voltage traversing. The new condenser has better transient and steady-state characteristics and reactive power regulation ability, which can effectively improve the voltage stability of high-proportion new energy system [21] . The condenser is essentially a synchronous motor, there are some studies that analyze the advantages of the new generation condenser in improving the system's short circuit capacity and responding to transient overvoltage [22] . However, the condenser is connected to power grid in parallel, the instability problem caused by the interaction of renewable energy and grid is still potential.
In terms of improving the grid's damping level to restrain oscillations of renewable energy, two schemes can provide damping: by controlling the active and reactive power of the renewable generation or by additional equipment [23] .
Controlling the propeller pitch angle of wind turbine for the damping torque belongs to the mechanical regulation category, the regulating speed is slow and the ability is limited [24] , [25] . A scheme of damp control by active and reactive power regulation for direct-drive wind turbines is proposed [26] . Referring to the theory of synchronous generator power system stabilizer (PSS), adding additional damping controller to the converter of the wind turbine can provide proportional damping [27] .
On the premise of keeping the existing electronic converter grid-connected mode unchanged, the existing research seeks the ways to improve the stability of high proportion renewable energy grid by reference to the motion equation, inertia response and excitation control PSS of synchronous machines and so on. Obviously, although the electronization of the power grid is the trend of development, the theories and characteristics of the synchronous machines are still of great significance for maintaining the stable operation of the grid. Only improving the control strategy of the converters is difficult to achieve the stability of synchronous machines. In addition, how to reconstruct and reuse the traditional synchronous generators which are replaced by a large number of grid-connected converters is also worth considering.
Therefore, based on the theory of synchronous machines, some researchers have put forward the synchronous motorgenerator pair (MGP) system as a possible grid-connection approach to improving the stability of high proportion renewable energy systems [28] , [29] . The closed-loop source-grid phase control method of MGP is proposed. This method controls the active power flow by changing the voltage phase difference between the renewable source and power grid. And it is proved through simulation and experiment that MGP can transmit active power stably [30] . This paper is organized as follows. Section II introduces the main structure and application scene of MGP. In section III, the small signal model of MGP is derived by analyzing rotor angle characteristic. On this basis, the relationship between the damping ratio of MGP and that of the synchronous generator with the same mass block are investigated theoretically. In section IV, the 5kW MGP experimental system has been built. By fitting the experimental curves of the small disturbance frequency response, the small signal calculation parameters of the MGP experimental system is determined. The theoretical calculation of frequency response under small disturbance is carried out based on small disturbance parameters, and compared with the experimental measurement curves under the same disturbance. The results prove that the MGP small signal model can reflect inertia and damping level of MGP system. In section V, the synchronous generator experimental system is built and small disturbance experiments are carried out. Under the same disturbance, the frequency response curves of single generator and MGP with the same mass block show that the MGP is more conducive to system stability. 
II. MGP SYSTEM A. STRUCTURE OF MGP SYSTEM
The MGP system consists of a synchronous motor and a synchronous generator whose rotors are connected to the same mechanical shaft, as shown in Fig.1 . The electricity generated by the renewable energy unit (wind turbines, photovoltaic, etc.) is used to drive the motor. The motor drives the generator through the mechanical shaft, similarly to the traditional steam turbine that drives a generator in a thermal power plant. The synchronous generator converts the mechanical energy into electrical energy and feeds it into the power grid. Since the two machines of MGP are connected by the same mechanical shaft, the rotors of the two synchronous machines rotate synchronously. The stable operation of MGP is realized through excitation systems, and the control system is used to regulate the power of MGP transmission.
The energy conversion of the MGP consists of two processes: electrical energy to mechanical energy and then mechanical energy to electrical energy. The energy loss of the two processes is equivalent to the loss of two synchronous motors. For example, the efficiency of a single 200MW synchronous generator is approximately 98% as shown in Table 1 , so the efficiency of the MGP system is estimated to be over 96%. If the motor is cooled by hydrogen, the efficiency will be higher.
In addition, the traditional units that have been replaced by a large number of electronic devices in the high proportion renewable energy system can be reused in the MGP system, thus the cost of the MGP is also acceptable. 
B. APPLICATION SCENE OF MGP SYSTEM
Changing traditional electronic converter grid-connected mode, MGP is a new technical method to solve instability of high proportion renewable energy grid based on synchronous machine theory. The application scenarios of MGP are summarized as follows 1) The long distance between the load center and the energy source center in China has promoted the rapid development of ultra-high voltage direct current (UHVDC) transmission technology with large capacity and long distance. In the AC power grid with high proportion of renewable energy, insufficient short-circuit capacity and low inertia of renewable energy converters result in weak grid structure at the sending end, which easily leads to instability issues. MGP can effectively increase the inertia and short-circuit capacity of renewable energy, provide voltage support for the AC power grid at the sending end, thereby improving the power grid strength and reliability of renewable energy grid connection and transmission.
2) In the future super-high proportion of renewable energy grid, part of renewable energy is connected to the grid through MGP, which provides a voltage and frequency reference for power electronic converters. As a supplement to traditional electronic converter grid-connected mode, it provides the excellent attributes of synchronous generator for the grid. Coordinating the proportion of MGP and traditional grid connection can better serve the stable operation of future power system. Fig.2 shows the application scenario of MGP in the power grid with high penetration of renewable energy.
III. SMALL SIGNAL MODEL OF MGP SYSTEM A. ROTOR ANGLE AND SMALL SIGNAL MODEL OF MGP
The rotor angle characteristic is the basis of small signal model. As shown in Fig.3 , E' M is internal voltage of the motor and E' G is internal voltage of the generator. E' M and E' G revolve synchronously because the shafts of the two synchronous machines are coupled. U BM and U BG are terminal voltages of the two machines. When the MGP is loaded, δ M and δ G represent rotor angles of motor and generator, with U BM and U BG as the references, respectively. The relationship between the two rotor angles is described as
where δ MG equals the phase difference of the bus voltages at the both sides of MGP system. According to the theory of traditional synchronous generator, the active power varies with the change of rotor angle within the stable operation range. It can be deduced that the active power of MGP transmission has the same change tendency with δ M and δ G , resulting in the change of δ MG , as shown in Fig. 3 . Therefore, this paper defines δ MG as the equivalent rotor angle of MGP system to study the stability characteristics.
In the study of small disturbance stability, the MGP can be considered as a whole mass block. The motor's mechanical torque T mM and the angular speed ω M are equal to the generator's mechanical torque T mG and the angular speed ω G , respectively. If the capacity and structure of the two machines are exactly the same, the inertia constants of two machines are equal. Motion equations of the two synchronous machines can be described as
where H is the inertia constant; ω M and ω G are the derivatives of rotor speeds; δ M and δ G are the derivatives of rotor angles; T eM and T eG are the electromagnetic torques of the two machines; K DM and K DG are the damping coefficients; ω 0 is the base electrical speed. The damping terms K DM ω M and K DG ω G include mechanical damping and electrical damping. The mechanical damping is related to the rotor frequency, and the electrical damping is related to the frequency difference between the stator and the rotor. The equal angular speeds of the two synchronous machines determine that the mechanical dampings are equal. The frequency differences between the stator and the rotor of the motor and the generator are also usually equal. And the rotors of the MGP machines are assumed to be made up of a single mass, which also means that ω M = ω G . Hence, the speed equations in (2) and (3) can be added directly
For the MGP, the input torque is the electromagnetic torque T eM of the synchronous motor, and the output torque is the electromagnetic torque T eG of the synchronous generator. And the damping torque is superimposed by the damping torque of the two synchronous machines.
The air gap electromagnetic torque and the air gap electromagnetic power are equal when using the per unit values. If p mloss is the loss of MGP shafting, the torque balance relation of MGP is as follows
In a single machine and infinite bus system shown in Fig. 4 , the input torque T eM and the output torque T eG of MGP can be described as
where X 1 and X 2 are the equivalent reactances on both sides of machines. Equations (6) and (7) are linearized respectively.
where K sM and K sG are synchronous torque coefficients of two machines, and can be expressed as
Linearizing (1) and (5) and solving (8) and (9) simultaneously, one can obtain that
By substituting δ M and δ G with δ MG in (4), (8) and (9) , the state equation of small disturbance is obtained with δ MG as the state variable.
B. DAMPING CHARACTERISTICS OF MGP
In order to compare the damping ratio of MGP with that of the traditional synchronous generator, (13) is rewritten as follows
where
Therefore, the characteristic equation is
And the damping ratio of MGP is
Under the same form of state equation, the damping ratio of the single synchronous generator is
As the parameters of MGP two synchronous machines are identical, the damping coefficients K DM and K DG are equal. The relationship between ζ MGP and ζ can be obtained
According to (18) , the damping ratio of MGP is √ 2 times that of the single generator with the same inertia constant H , i.e., the same mass block. It is theoretically proved that MGP can provide higher damping to maintain the system stability in the high penetration of renewable energy systems.
IV. THEORETICAL AND EXPERIMENTAL COMPARISON OF SMALL DISTURBANCE RESPONSE IN MGP SYSTEM
The experimental bench designed in this paper is shown in Fig.5 . The rated capacity of the two synchronous machines in the MGP system is 5kW, and the specific parameters of the experimental equipment are shown in appendix A. The photovoltaic simulator and inverter drive the 5kW synchronous motor M and the 5kW synchronous generator G to generate electricity. In order to emulate traditional synchronous generator for comparison, a 5kW DC machine is connected mechanically between M and G, and three machines operate on the same mechanical shaft. In MGP mode, the middle DC machine is idling. The field windings of M and G are connected to 24V DC power supply, respectively. Electrical quantities transducer is used to measure the active power transmitted by MGP to the power grid. Power feedback regulation is added to the control algorithm of the programmable logic controller (PLC) to realize feedback calculation and communication. Fault and load disturbances can be set in power grid emulator.
A. DETERMINING OF THE SMALL SIGNAL CALCULATION PARAMETERS OF THE MGP EXPERIMENTAL SYSTEM
In order to calculate the response curve of small disturbance theoretically, the damping coefficient K D , the synchronous torque coefficient K s and the inertia constant H in the state equation of the 5kW MGP experimental system need to be determined.
1) DETERMINATION OF THE INERTIA CONSTANT H
The inertia constant H is defined as
where J is the moment of inertia in kg·m 2 , ω 0 is the rated speed in rad/s, S B is the reference value of the apparent power. The rotors of MGP is a solid and uniform cylinder, so the moment of inertia J can be expressed as
where m is the weight of the MGP rotors in kg, R is the cross section radius of the rotor in m.
According to the expression of weight m, (20) can be further expressed as
where ρ is the density of the rotor in kg/m 3 , l is the length of the rotor in m.
In the MGP experimental system shown in Fig.5 , ρ approximately equals the density of iron (7860kg/m 3 ), l and R can be obtained by measurement (l = 2.25m, R = 0.05m), according to the machine parameters S B = 6250VA, and under the rated condition ω 0 = 2πf = 314.16rad/s. Therefore, the calculated inertia constant H of the 5kW MGP system is about 1.371.
2) DETERMINATION OF THE DAMPING COEFFICIENT K D AND THE SYNCHRONOUS TORQUE COEFFICIENT K S The damping coefficient K D and the synchronous torque coefficient K s cannot be measured directly, this paper determines the coefficients by fitting the experimental data.
Experiment steps: Using the photovoltaic emulator and inverter to drive the machines until MGP reaches the synchronous speed.
Setting a small load disturbance in the power grid emulator (for 5kW system, the load disturbance within 100W is considered a small disturbance).
Measuring the frequency response curve of the generator output after small load disturbance.
The voltage and frequency response curves of the generator output for the single-phase load disturbance of 50W and the single-phase load disturbance of 100W are shown in appendix B.
For the second-order system, the general formula of time response is described as
where t is the time variable, f (t) is the frequency response, a, b, c, d, e and f are all constants. By fitting the frequency response curve to (22) , a secondorder system with the oscillation mode of d rad/s and the attenuation time constant of 1/|b| s can be obtained, and the eigenvalues λ 1,2 of the system are b±j|d|.
On the other hand, the eigenvalues λ 1,2 can be calculated by (23) from the MGP state equation (14) .
So then, according to the fitting values of b, d and the values of H , K D and K sG can be determined.
Filtering the frequency response curve with the sudden load change from 0 to 50W, the fitting result is shown in Fig.6 , λ 1,2 = −1.953 ± j5.132. The calculated value of K D is 10.71 and K sG is 0.516.
Similarly, filtering the frequency response curve with the sudden load change from 0 to 100W, the fitting result is shown in Fig.7 , λ 1,2 = −1.948 ± j5.181. The calculated value of K D is 10.683 and K sG is 0.534.
Combining the two fitting results, the small signal calculation parameters of the 5 kW MGP experimental system can be determined finally: H = 1.371, K D = 10.701, K sG = 0.525. 
B. COMPARISON OF THE CALCULATED AND MEASURED SMALL DISTURBANCE RESPONSE IN MGP SYSTEM
The load disturbance experiment is done again with the experimental system shown in Fig.5 . The frequency response curve of the generator output after the small load disturbance is measured. Under the same disturbance, according to the MGP small signal model and the calculated parameters of the 5kW experimental system obtained in section A, the frequency response curve can be calculated theoretically. The specific calculation process is shown in appendix C. The experimental frequency response curve is compared with the theoretical curves in Fig.8 , under the sudden load change from 50W to 0W and from 100W to 0W.
The comparison results shown in Fig.8 verify that the small signal model of MGP derived in this paper can well reflect the damping and inertia level of the MGP experimental system. 
V. COMPARISON OF FREQUENCY RESPONSE OF MGP AND TRADITIONAL SYNCHRONOUS GENERATOR
The theoretical derivation in the section III shows that the damping ratio of MGP is √ 2 times that of a single synchronous generator with the same mass block, and this section compares the frequency responses of MGP with traditional single generator under the same load disturbance.
The traditional single generator experimental system shown in Fig. 9 , the DC machine is driven by speed governor to emulate the prime mover of traditional generator to drive G, and M is idling ensuring that the same mass block of MGP mode and traditional generator mode. This operation ensures that the inertia responses of the two modes are the same, so that the damping characteristics of the two modes can be compared easily. The frequency response curves of the two modes under the same load disturbance are compared as shown in Fig.10 .
As can be seen from Fig.10 , the first swing amplitude of MGP mode is lower than that of traditional single generator under the same load disturbance, and it takes less time for MGP mode to restore stability. It is experimentally proved that the damping level of MGP is higher than traditional single generator with the same mass block, which is more conducive to the stability of the high penetration of renewable energy systems.
VI. DISCUSSION AND CONCLUSION
The key contributions and findings of this paper are as follows:
1) Considering the lack of inertia and damping in the power grid with high penetration of renewable energy, a new grid-connection scheme of MGP is proposed based on synchronous machine theory. 2) In order to analyze small signal stability of MGP, a small signal model is derived. The quantitative relationship between the damping ratio of MGP and that of single generator with the same mass block is deduced. It is proved theoretically that the MGP system can provide more damping than the single generator.
3) The 5kW experimental system of MGP is built. The comparison between the theoretical calculation and the experimental measurement of small disturbance response shows that the MGP small signal model can reflect the damping level and inertial response of MGP system. 4) The frequency response curves of the MGP and single generator with the same mass block are compared under the same disturbance by experiments. It is proved experimentally MGP is more capable of small disturbance stability than traditional synchronous generator with the same mass block. There are still many deficiencies in the related research. The next research ideas of MGP include how to control MGP for large-scale renewable energy system, the stability promotion function of MGP in large power grid, coordinate the proportion of MGP and traditional grid-connected mode based on economic optimization.
APPENDIX

A. EQUIPMENT PARAMETERS OF EXPERIMENTAL SYSTEM
See Table 2 .
B. THE FREQUENCY RESPONSE CURVE OF THE GENERATOR OUTPUT AFTER SMALL LOAD DISTURBANSE
The voltage response curves and frequency response curves of the single-phase load mutation 50W and the single-phase load mutation 100W are shown in Fig.11 and Fig.12 respectively.
C. CALCULATION OF FREQUENCY RESPONSE OF THE 5kW MGP EXPERIMENTAL SYSTEM BY SMALL DISTURBANCE THEORY
The objective of the calculation is to analyze the smallsignal stability characteristics of the experimental system under the steady-state operating condition following the 
The time response is given by
where c 1 , c 2 are given by c 1 c 2 = ψ 11 ψ 12 ψ 21 ψ 22 ω r (t 0 ) δ MG (t 0 ) (33) 1) THE ACTIVE POWER OF LOAD CHANGES FROM 50W TO 0W
With P L = −50W, δ MG = −6.54 • = 0.1143rad and ω r = 0 at t 0 = 3.9s, we have 
